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Abstract
Several factors have been taken into account to explain the distribution of
orchid species. We explored the extent to which plant community attributes
affect  the  abundance  and  reproductive  fitness  of  three  orchid  species
(Anacamptis  morio,  Himantoglossum adriaticum  and  Ophrys  sphegodes),
native  to  dry  grasslands.  Structural  attributes  of  plant  community  (e.g.
cover and height) were assessed in ninety 4 m  plots scattered on three hill
massifs of the Veneto Region (NE Italy). For the three target orchid species,
the height of the flowering stalk, the relative ramet height and the number
of  flowers  and  fruits  were  recorded  in  203  tagged  ramets.  Generalized
Linear Model  revealed that plant community attributes such as cover and
height of the herb layer exert a negative effect on the abundance of orchid
populations.  Furthermore,  regression  models  indicated  that  O.  sphegodes
and  H.  adriaticum  reproductive  fitness,  determined  as  fruit/flower  ratio,
was positively affected by relative ramet height. Our results revealed that
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local herbaceous vegetation structure influences the cover and fruit set of
target  orchid  species.  However,  there  can  be  substantial  variation  in  the
response  of  different  species  and  variation  in  the  structural  attributes  of
surrounding vegetation may be associated with differences in the strength
of  selection.  In  order  to  achieve  effective  results  in  orchid  species
conservation, protocols for the in situ conservation must detail the range of
vegetation covers and heights at which orchid species are favoured and can
produce the most effective inflorescences.
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Introduction
Biodiversity loss has become an impelling global concern. Species loss can be
seen as a composite response to various human-induced changes such as
habitat loss and degradation, unsustainable use of wild species, changes in
traditional management methods, introduced species and global climate
change (Sharrock and Jones 2009 ; Dengler et al. 2014 ). These processes have
a particularly negative impact on plant species that occupy a narrow niche
and/or have particular ecological requirements for germination, seedling
establishment and reproduction (e.g. Fischer and Stöcklin 1997 ; Sonkoly et
al. 2016 ; Thuiller et al. 2005 ). Orchid species are characterised by a high
degree of ecological specialisation (Pierce and Belotti 2011 ) and are
threatened worldwide (Swarts and Dixon 2009 ).
In terms of number of species, Orchidaceae are the most diverse of all
flowering plant families (Swarts and Dixon 2009 ). Two-thirds of orchid
species occur in the tropics as epiphytes, with terrestrial species comprising
the remaining third, yet almost half of the extinct species are terrestrial
herbaceous perennials (IUCN 1999 ). From an ecological perspective, orchids
are fascinating because of their complex life cycle, involving a vast array of
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reproductive variability and pollination mechanisms (Cozzolino and Widmer
2005 ; Roy and Widmer 1999 ), and ubiquitous interactions with mycorrhizal
fungi (Burgeff 1959 ). Orchids are also important from a biodiversity
perspective for the large variety of life strategies evident among species
(Swarts and Dixon 2009 ). Furthermore, orchid populations differ greatly in
distribution and abundance, varying from plentiful to extremely rare even in
apparently ideal habitat (Pierce et al. 2006 ). All these features highlight their
intrinsic value as bioindicators and as research tools for defining patterns and
processes that constrain how species assemble into local communities and for
tuning conservation measures targeted at particularly rare species.
The conservation of orchid species is an ambitious target in the most
industrialised European countries due to extensive loss of natural habitats
and/or lack of suitable environmental conditions for these species to persist
(Vogt-Schilb et al. 2015 ). Despite its richness worldwide, the Orchidaceae
family is represented only by a small number of taxa in Europe
(approximately 300 according to Delforge 2001 ), all with the temperate
terrestrial life form. Most European species are reported to face alarming
decline and species associated with woodlands and calcareous grasslands
seem to suffer greater contractions in range than species associated with other
habitats (Kull and Hutchings 2006 ; Pierce et al. 2006 ). Calcareous dry
grassland orchids in particular are threatened due to the abandonment of
traditional low-intensity agricultural regimes that have maintained their
habitat for centuries, but have been neglected with the spread of industrialised
agriculture since the mid 1900s (Willems et al. 1993 ).
Several of the best-known models of species coexistence explain the
abundance and distribution of plant species within a community as a balance
between environmental (abiotic) and biotic filters such as competitive and
facilitative interactions among plant species (Brooker et al. 2008 ; Mason et
al. 2011 ) or between plants and other organisms (Moeller 2004 ; Strauss and
Irwin 2004 ). At the local scale, plant species distribution seems to be
influenced by processes underlying mortality at early stages: germination and
seedling establishment (Tsvuura et al. 2010 ; Jacquemyn and Brys 2015 ).
Seeds may have very specific ecological requirements to overcome dormancy
and initiate the growth of the embryo (Baskin and Baskin 2014 ), while
seedlings need resources and a protected environment to resist environmental
harshness, herbivory or parasitic attacks and become adult plants (Eriksson
1995 ; Moles and Westoby 2004 ). In particular, two processes are thought to
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limit plant recruitment: seed limitation and establishment limitation or
microsite availability (Svenning et al. 2008 ; García-Camacho et al. 2010 ).
Microsite limitation is determined by factors that constrain the recruitment of
new individuals into the seedling population, regardless of the number of
seeds that arrive at a site and is regulated by both abiotic (e.g. light, water,
nutrients, soil structure) and biotic (e.g. competition and predation) factors
that affect germination, seed and seedling survival. Thus, at the local scale,
the availability of favourable sites for a permanent establishment of juvenile
plants is essential for a species to overcome the selection and persist within
the community (Clark et al. 1999 ). The concept of microsite limitation could
apply not only to establishment and onward growth but to most processes in a
plant life cycle, such as flowering and pollination, which is the initial step in
seed formation. Namely, if fruit and seed production are improved, then the
frequency of seedling establishment is likely to respond positively and result
in an increase in population size (Ackerman et al. 1996 ).
Several of the above-mentioned factors have been taken into account to
explain the distribution of orchid species, and particular attention has been
given to climatic conditions (Wotavová et al. 2004 ), nutrient availability
(Silvertown et al. 1994 ), physic environmental (Djordjević et al. 2016 ; Kull
and Hutchings 2006 ; Tsiftsis et al. 2008 ) and anthropogenic disturbance such
as fire and grazing (Coates et al. 2006 ; Gregg 2004 ; Hutchings et al. 1998 ;
Janišová et al. 2011 ). However, the extant vegetation may further modify
microsite availability through such community attributes as the thickness of
the litter layer or percentage cover of vegetation, and through indirect effects
on the microclimate (e.g. light). In this case, not only the identity of the
orchid species but the structure of the surrounding community would be most
important in determining survival. The issue is of pivotal importance in
semi-natural habitats such as dry grasslands. Temperate dry grasslands are
mostly semi-natural communities maintained by traditional human
management practices as mowing, pasturing and haymaking (Janišová et al.
2011 ; Habel et al. 2013 ; Dengler et al. 2014 ), which have been proven to
regulate species composition and richness (Valkó et al. 2012 ). Much evidence
has been found to indicate that abandonment of dry grasslands results in
structural changes such as an increasing dominance of grasses and the
development of thermophile fringe vegetation and scrubland facies (Biondi et
al. 2006 ; Bobbik and Willems 1987 ), with possible impacts on weakly
competitive species such as orchids. Thus, the interactions between orchid
species and the extant community might be the key to understanding orchid
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recruitment output.
In light of this, the aim of this study was to explore the extent to which plant
community attributes affect the establishment, abundance and reproductive
fitness of orchid species in dry grasslands. In particular, we hypothesised that
community structural characteristics such as herbaceous and woody species
height and cover imposed constraints on three orchid species (Anacamptis
morio L., Himantoglossum adriaticum H. Baumann and Ophrys sphegodes
Mill.), native to dry grasslands and nearby ecotonal mesoxeric scrubland
patches. Himantoglossum adriaticum is also recognised by Annex II of the EU
Habitats Directive 92/43/EEC on the conservation of natural habitats and of
wild fauna and flora (Anonymous 1992 ) as a species of Community interest
for which habitat conservation is particularly important, and the present work
also aimed to provide insight into the habitat characteristics impacting the in
situ conservation of this species. Indeed, from the perspective of preserving
biodiversity, investigating the limiting factors of each species’ colonisation
potential may allow predictions of range changes and the formulation of
management strategies for rare plants.
Methods
Study area
The study took place on three hill massifs of the Veneto Region of NE Italy:
the Eastern Lessini Mounts, Berici Hills and the Euganean Hills, which host a
rich suite of endangered or endemic species and several rare orchids.
The study area encompasses several low-altitude hills with a major peak at
602 m a.s.l., originating from sedimentary (limestone and marl) and volcanic
(basaltic and rhyolitic) bedrock. Study sites were represented by small- to
medium-sized (0.2–2 ha) dry grasslands, dispersed in an agricultural
landscape among forests and arable fields. The study was conducted on
semi-natural, oligo- to mesotrophic, Bromus erectus-dominated dry grasslands
(Natura 2000 code 6210 “Semi-natural dry grasslands and scrubland facies on
calcareous substrates (Festuco-Brometalia) (*important orchid sites)”). They
develop on middle-altitude limestone slopes (50–450 m a.s.l.), on sites
characterised by poorly developed, shallow and skeletal calcareous soils
(Inceptisols and Entisols), with a very low soil available water content
(AWC), and average pH of 7.5 (Bini 2001 ). When well conserved, the
community structure is mainly determined by hemicryptophytes and,
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subordinately, chamaephytes. The vegetation is dominated by few, highly
covering, anemophilous species (e.g. Bromus erectus, Artemisia alba,
Catapodium rigidum, Koeleria pyramidata, Carex hallerana, Bothriochloa
ischaemum) and numerous entomophilous species, such as Bupleurum
gussonei, Scabiosa triandra, Fumana procumbens, Helianthemum
nummularium ssp. obscurum, Convolvulus cantabrica and Globularia
bisnagarica (Fantinato et al. 2016 ).
AQ1
Once exploited for haymaking or cattle grazing, dry grasslands have
experienced increasing abandonment. Since their inclusion in the Natura 2000
network as SCI/SPA, they are partly subjected to management such as
mowing and grazing, with a frequency of once a year to once every 3 years.
Data collection
Vegetation was sampled during spring–summer (April–June) in 2014 using
both a preferential (on target orchid populations) and a stratified random
sampling design. To avoid spatial autocorrelation, the average distance
between plots was set at more than 270 m (Rezende et al. 2015 ). In total, data
from ninety 4 m  plots were collected, resulting in 51 plots with the presence
of target orchid species, and 39 without. In each plot, the plant community
attributes were described by visually estimating total percentage cover,
percentage cover and average height of all layers, and the cover of each
vascular plant species. Orchid species cover was visually estimated as percent
cover of rosettes. Furthermore, as synthetic descriptors of the community
structure, we calculated the species richness (S), as the total number of
vascular species, and Pielou’s evenness index (J), which are among the most
popular diversity indices in vegetation analysis (Gurevitch et al. 2002 ;
Magurran 2004 ; Ricotta 2007 ).
Moreover, for the three target orchid species, 203 ramets (59 for A. morio, 52
for H. adriaticum and 92 for O. sphegodes) were tagged to record the height
of the flowering stalk, and the number of flowers and fruits. The number of
tagged ramets per plot represented at least 5 % of the local density of
flowering ramets (number of flowering stalks/4 m  plot) and, for very small
populations (local density of flowering ramets ≤5 %), it coincided with the
total number of flowering ramets. Data were collected at the peak of the
flowering season following the protocols described in Cornelissen et al.
( 2003 ). The fruit/flower ratio of each ramet was used as an estimate of
2
2
e.Proofing http://eproofing.springer.com/journals/printpage.php?token=woZv_y...
6 di 22 28/09/2016 11:56
reproductive fitness.
Additionally, to describe the relationship between target species’ ramets and
the closest surrounding vegetation, we calculated the relative ramet height of
each ramet as the difference between the flowering stalk height and the mean
herbaceous vegetation height. The relative ramet height has a positive value
when the flowering stalk is taller than the surrounding vegetation, and is
otherwise negative, i.e. the surrounding vegetation overtops the entire above-
ground shoot of the orchid.
Data analysis
To quantify the effect of plant community attributes on the abundance of
orchid populations, a Generalized Linear Model (GLZ) was performed
considering orchid cover as the covariate and species richness (S), evenness
index (J), total vegetation cover, and the percentage cover and average height
of all layers as independent variables. The model was performed using R
software (R package MASS; Venables and Ripley 2002 ), using a Negative
Binomial error distribution and a Log link function.
To assess the effect of community structure on orchid reproductive fitness, a
Regression Model was built for each target species in Statistica 8.0 (StatSoft
Inc. 2007) using the fruit/flower ratio as the covariate and the relative ramet
height as the predictor.
Results
The surveyed plots exhibited a very rich cumulative species pool (249 species
were counted overall), with a mean species richness (S) per plot of 24 (±5.28
SD), ranging from a minimum of 12 to a maximum of 41. According to the
evenness index (J), species were relatively equally distributed in the majority
of surveyed plots, with an average value of 0.72 (±0.11 SD). The total
percentage cover and the cover of the herb layer were generally high
(83.4 ± 13.18 and 72.3 ± 13.63 %, respectively). Although normally lower, the
shrub cover was much more variable, ranging from 0 to 65 %, with an average
value of 6.82 % (±13.04 SD). The height of the herb layer ranged from 10 to
99 cm (mean 34.9 cm ±14.56 SD), and the shrub layer was also variable, with
an average value of 167 cm (±44.98 SD). Target orchid species cover was
highly variable, ranging from 0 to 23 %, with an average value of 4.4 %.
GLZ model (Table 1 ) revealed that both the cover and height of the herb layer
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had a significant effect on the dependent variable, with a negative trend
(Fig. 1 ), while neither the total cover nor the cover and height of the shrub
layer, nor S and J exhibited significant effects.
Table 1
Results for negative binomial generalized linear model on target orchid cover
Coefficients
(Intercept) 2.151588 1.189088 1.809 0.07038
Richness (S) 0.047262 0.029796 1.586 0.1127
Evenness (J) 0.257953 1.530567 0.169 0.86616
Total cover 0.008509 0.009729 0.875 0.38176
Shrub cover −0.00786 0.016917 −0.465 0.64204
Herb cover −0.03672 0.012177 −3.016 0.00257 **
Shrub height 0.121006 0.15448 0.783 0.43344
Herb height −0.02453 0.010567 −2.321 0.02026 *
Marked values are significant at α ≤ 0.05
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05
(Dispersion parameter for Negative Binomial (1.0877) family taken to be 1)
Null deviance 127.259 on 89 degrees of freedom
Residual deviance 98.105 on 82 degrees of freedom
AIC 366.2
Number of Fisher Scoring iterations 1
Theta 1.088
Std. Err. 0.263
2 × log-likelihood −348.202
Fig. 1
Orchid cover as a function of herbaceous vegetation height and cover
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Regression models on the fruit/flower ratio (Table 2 ; Fig. 2 ) revealed that the
proportion of fertilised flowers in the wild was significantly affected by
relative ramet height both for O. sphegodes (β = 0.435, pβ < 0.001) and H.
adriaticum (β = 0.88, pβ < 0.001). In particular, a very high closeness of fit
was obtained for H. adriaticum (Adj R  = 0.771). However, such a
relationship was not evident for A. morio (F = 0.0003, pF < 0.987).
Table 2
Results of regression models between the fruit/flower ratio (FFr) and the inflorescence height
relative to mean herbaceous vegetation height (rRH)
Species β SE tβ pβ
Adj
F pF
A. morio
Intercept 5.464 <0.0001
0 0.0003 0.987
rRH 0.002 0.132 0.016 0.988
H. Intercept 18.795 <0.0001 0.775 172.35 <0.0001
β regression coefficients estimates, SE standard errors of β, tβ and pβ t Student statistics
and p values for the significance of β, Adj R  = R  corrected for the regression model, 
and pF Fisher statistics and associated p value for the significance of the model, n number
of cases (marked ramets)
2
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Species β SE tβ pβ
Adj
F pF
β regression coefficients estimates, SE standard errors of β, tβ and pβ t Student statistics
and p values for the significance of β, Adj R  = R  corrected for the regression model, 
and pF Fisher statistics and associated p value for the significance of the model, n number
of cases (marked ramets)
adriaticum rRH 0.880 0.067 13.128 <0.0001
O.
sphegodes
Intercept 9.066 <0.0001
0.179 20.95 <0.0001
rRH 0.435 0.095 4.577 <0.0001
Fig. 2
Scatterplots  of  fruit/flower  ratio  (FFr)  versus  inflorescence height  relative  to
mean herbaceous vegetation height  (rRH, expressed in  cm) for A. morio,  H.
adriaticum and O. sphegodes. See Table 2  for details
2
2 2
e.Proofing http://eproofing.springer.com/journals/printpage.php?token=woZv_y...
10 di 22 28/09/2016 11:56
Discussion
Our study revealed that the distribution pattern and establishment of target dry
grassland orchid species are affected by the surrounding vegetation, both on
the horizontal and vertical plane, while other attributes such as species
richness and evenness were not significant. These findings support the theory
of microsite limitation, which assumes that one of the most important
constraints to plant establishment is the availability of micro-habitats on the
soil surface suitable for seed germination and seedling establishment
(Jacquemyn et al. 2007 ). Indeed, the abundance of orchids was higher where
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the surrounding vegetation was discontinuous, leaving gaps of bare ground. In
particular, increased cover and height of the herbaceous layer significantly
decreased the cover of orchid populations.
Our results are consistent with previous studies suggesting that the extent of
flowering of orchid populations is affected by competition with the
surrounding vegetation (Dorland and Willems 2002 ; Willems et al. 1993 ).
Landi et al. ( 2009 ) found that a high abundance of orchids on calcareous
grassland was positively correlated to the presence of microenvironments with
rockiness and low herbaceous cover. A tall and dense herb layer outcompete
orchid species by reducing the amount of available light (Janećková et al.
2006 ; Maccherini 2006 ). In particular, terrestrial orchid species require high
light intensities close to the ground to obtain sufficient energy for successful
fruiting and the completion of the life cycle (Dorland and Willems 2002 ,
2006 ; Jacquemyn et al. 2010 ).
Rather surprisingly, we found that neither cover nor height of the shrub
species significantly affected orchid populations. Arguably, this result is likely
due to the fact that although variable, shrub cover was typically low in the
majority of plots when compared to herbaceous cover. Thus, shrub species did
not affect orchid abundance for the simple reason that they were sporadic.
Moreover, some studies have suggested that in a grassland/scrubland mosaic,
shrub species might actually favour the persistence of grassland species,
offering shelter from extreme drought and heat, predation and excessively
early spring mowing (Armas et al. 2011 ; Bertness and Callaway 1994 ; Ziffer-
Berger et al. 2014 ). However, in more extreme circumstances, where
semi-natural grasslands are abandoned and dominance shifts from herbs to
woody species, transition to scrublands or woodlands creates habitats where
grassland orchids would be overcome by most species and lose their
regeneration niche (Poorter 2007 ; Santiago et al. 2013 ; Zhang et al. 2014 ).
The natural succession of vegetation and the entry of woody species can thus
exclude orchids, and disturbances such as mowing or grazing interrupt
succession allowing orchids to persist.
Among the monitored species, only H. adriaticum has been found on open dry
grasslands as well as under shrub canopies. The species has a wider ecological
plasticity compared to O. sphegodes and A. morio, and it is known to be able
to live in scrubland/dry grassland mosaics (Bodis and Molnar 2009 ), although
it is still unclear whether this is due to precise ecological requirements (Bodis
and Botta-Dukat 2008 ; Pecoraro et al. 2013 ), or populations found under a
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shrub canopy represent residual populations of former open dry grasslands
invaded by shrubs after the abandonment of traditional management practices
(Bodis and Molnar 2009 ). Indeed, despite the fact that H. adriaticum may be
present under a tree canopy, this species was consistently found very close to
open areas and it was never found in a continuous woodland understorey.
At the ramet level, our study proved a strong effect of the height of the herb
layer on the fruit set of O. sphegodes and H. adriaticum in accordance with
their respective ramet heights: in those individuals that were able to raise their
inflorescence over the surrounding vegetation, the fruit set was richer. This
suggests a greater visitation rate by pollinators to the tallest inflorescences,
perhaps due to a greater visual attraction.
It is known that the structure of vegetation surrounding orchid populations
could select for those ramets that are able to attract pollinators on their
inflorescence and in this sense, limit pollinator availability only to ramets
bearing visible floral displays (Kindlmann and Jersáková 2006 ). Pollinator
attraction and thus reproductive success in plants generally increase with
greater floral display size (Grindeland et al. 2005 ), but for strongly pollinator-
limited deceptive orchids, there is some evidence that inflorescence height is a
target of pollinator-mediated phenotypic selection (e.g. Sletvold and Ågren
2011 ; Walsh et al. 2014 ).
Therefore, it could be hypothesised that pollinator-mediated selection of
flowering stalk height operates for O. sphegodes and H. adriaticum. However,
such selection would be relative to the surrounding herbaceous vegetation
height and not absolute (i.e. it may not act on absolute flowering stalk height
per se). Our findings are consistent with those of Sletvold et al. ( 2013 ) and
Sletvold and Ågren ( 2014 ) who demonstrated that pollinator-mediated
selection for taller plants is stronger in tall vegetation for the deceptive orchid
Dactylorhiza lapponica but is not active in short vegetation and is weaker for
the rewarding orchid Gymnadenia conopsea.
Pollinator-mediated selection on inflorescence height was supposed by Peakal
and Handel ( 1993 ) for the Australian orchid Chiloglottis trilabra, whose
pollinators discriminated among floral heights in a choice experiment. An
increase in pollination due to greater plant height was found also for
American food deceptive Cypripedium species (O’Connel and Johnson 1998 ;
Wake 2007 ).
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In contrast, according to our results, this selection is lacking for A. morio,
since fruit set was not affected by relative ramet height. There are two main
possible explanations: a greater intrinsic visibility of its inflorescence and
reduced vegetation height. The deep purple inflorescence of A. morio could
have much more attractive power towards pollinators with respect to the
brownish or white flowers of the other two target species that blend into the
greenish herb layer, since stronger colours are supposedly more tempting to
pollinating bees than weak colours (Willimer 2011 ). As for the second reason,
mean herbaceous vegetation height in A. morio plots was just 25 cm and such
a low value may depress the expression of pollinator-mediated selection
(Sletvold and Ågren 2014 ) being almost equal to the mean flowering stalk
height (24.5 ± 5.4 cm). Indeed, Pierce et al. ( 2014 ) determined, although for
only one particular xeric grassland site, that shorter orchids including A.
morio flowered earlier in the season when the dominant grass species were
still relatively short, and that only taller orchid species such as Anacamptis
pyramidalis (L.) Rich. flowered later when the grass height was at its peak.
Despite high species richness being perhaps the most evident feature of dry
grasslands, the distribution of target orchid species was not sensitive to
species richness or evenness. Such a finding negates the possibility of a suite
of species-specific relationships with non-orchid species or, in the case that
any of these relationships were important, that they would arise between
orchids and restricted groups of species but not at the community level.
In conclusion, this study demonstrates that target dry grassland orchid species
are very sensitive to herbaceous vegetation structure rather than to the
structure of the woody component of the plant community. This implies a
major role of interactions between orchids and more competitive herbaceous
species (graminoids in particular). In contrast, encroachment of woody species
following abandonment is a relatively drastic effect that represents the start of
ecological succession, rather than the fine-scale relationships that occur
within plant communities and that determine which species can persist locally
in dry grasslands of subtly different structure. Indeed, ‘dry calcareous
grassland’ is a broad category that can include a range of different
non-orchidaceous species, vegetation heights and thus different orchid
species. It is well known that structure, functioning and dynamics in
semi-natural habitats are primarily governed through the maintenance of
traditional human practices. Mowing, grazing as well as reduced fertilizer
application are common features of most well-preserved species-rich
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grasslands in Europe. Long-term low-intensity management is then an
important component in community assembly regulating species composition
and richness, species abundance and flowering phenology. As confirmed by
our investigation, structural attributes of surrounding vegetation can also
influence small-scale interactions between orchid species and the extant
community such as the rate of pollinator visitation, thus affecting the overall
expression of coexistence mechanisms between grassland species. However,
this study demonstrated experimentally that there can be substantial variation
in the response of different species and variation in the structural attributes of
surrounding vegetation may be associated with differences in the strength of
selection. Thus, what the present study adds is that a subtle effect exists
whereby local herbaceous vegetation structure is related to the cover and fruit
set for each particular orchid species. Protocols for the in situ conservation of
each species must therefore detail the range of vegetation covers and heights
(and ideally, precise management actions) at which different species are
favoured and can produce the most effective inflorescences.
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